We studied the effect of the Ruderman-Kittel-Kasuya-Yosida interaction on the multilayer transition and magnetic properties of spins-3/2 and 1/2 Blume-Capel model in the bilayer separated by a non-magnetic spacer of thickness (d), by using mean-field theory and Monte Carlo simulation. It is found that the multilayer transition temperature depends strongly on the thickness of the non-magnetic layer and the crystal field. Furthermore, the critical thickness of the non-magnetic spacer above which the two magnetic multilayers transit separately depends on the Fermi level and the absolute temperature.
Introduction
The discovery of giant magnetoresistance (GMR) [1, 2] has been dramatically improving the technological development, especially increase the capacity of the storage on a disk drive from 1 to 20 gigabit [3] . Either adding the spin degree of freedom to conventional charge-based electronic devices or using the spin alone has the potential advantages of non-volatility, increased data processing speed, decreased electric power consumption, and increased integration densities compared with conventional semiconductor devices [4] . In Fe/Si type multilayer, it was observed that the antiferromagnetic coupling strength and the fraction of ferromagnetic coupling due to the Fe percolation mechanism in the non-magnetic inter-layers increase with decrease in temperature [5] . Experimentally, the Ni 80 /Fe 20 /Co 1 /CuAgAu/Co 2 asymmetric sandwiches have been examined for different sublayer thicknesses, it was observed that the ferromagnetic coupling strength oscillates with CuAgAu thickness with a period of 1 nm [6] . In multilayer GMR, two ferromagnetic layers are separated by a non-magnetic spacer. It was found that the critical thickness of the non-magnetic layer decreases on increasing the magnetic crystal field and/or the Fermi level K F . Moreover, the multilayer transition temperature undergoes oscillations as a function of the Fermi level and depends strongly on the value of the transverse anisotropy. The multilayer transition temperature decreases when increasing the transverse anisotropy [7] .
The spin-1 Blume-Capel film with an alternating crystal field spatially [8, 9] has been studied using * corresponding author; e-mail: ezahamid@fsr.ac.ma * * Unité de Recherche Associée au CNRST (URAC) mean-field theory (MFT). However, the effect of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction uses the cluster variational method, in pair approximation (CVMPA) [10] . In the case of the antiferromagnetic surface on which a ferromagnetic layer was deposited, it was observed that in the ordered phase depending on the values of the exchange interaction, the antiferromagnetic surface can change to ferromagnetic or ferrimagnetic phase [11] . The layering transitions in the Ising thin films have been studied using many approximate methods, a real space renormalization group [12] , MFT [13] . The effect of the non-magnetic thickness on the magnetic properties of an amorphous superlattice has been investigated using effective field theory [14] . However, the effect of the crystal field has been investigated in detail using many approximate methods, namely, mean--field approximation [15] , high temperature series expansion [16] , constant-coupling approximation [17] , Monte Carlo [18] and renormalization-group [19] techniques. Beside, an example of spin-3/2-non-magnetic-spin-3/2 sandwiches has been studied experimentally in the crystalline Co/Cu/Co sandwiches [20] for which the magnetic ordering oscillates from ferromagnetic to the antiferromagnetic by varying the non-magnetic layer Cu thickness. Furthermore, the magnetoresistance and electrical transport behaviour has been studied experimentally in the case of spin-3/2 /spin-1/2 composite such as
MnO 3 /xCuO [21] . However, the magnetic properties of spin-3/2 Blume-Capel model has been studied numerically using Monte Carlo simulation where the oscillation ferromagnetic antiferromagnetic ordering is observed in Ref. [7] .
The purpose of this work is to study, using mean-field theory and Monte Carlo simulation, the effect of RKKY interaction on the multilayer transition and magnetic properties of spin-3/2 and 1/2 Blume-Capel model in (485) the bilayer separated by a non-magnetic spacer of thickness (d).
The paper is organized as follows. In Sect. 2, we present the model and methods. In Sect. 3 we present the results. Finally, Sect. 4 is reserved for conclusion.
Model and methods
A bilayer Ising system ferromagnetic, consisting of two magnetic blocks A of spin-3/2 and B of spin-1/2 separated by a non-magnetic layer of thickness d. The blocks A and B are formed by N 1 and N 2 magnetic layers, respectively (Fig. 1) . The Hamiltonian of the system is given by
where S i refers to spin-3/2 with values of ±3/2 and ±1/2 on the block A and σ i refers to spin-1/2 with values of ±1/2 on the block B, the i,j and i ,j runs over all pairs of nearest-neighbours sites of the blocks A and B, respectively.
p,p means the summation over all pairs of layers p (p ∈ block A) and p (p ∈ block B),
means the summation over axially (with the axis being perpendicular to the non-magnetic layers) connected pairs of sites i and i in layers p and p , respectively, and i means the summation over all sites of block A. J pp is the "RKKY-like" coupling, across the non-magnetic layers, between the layers p and p given by
where k F is the Fermi level, J 0 is a magnetic coupling constant [22] and ∆ is the crystal field on the block A.
The mean-field equations of the magnetization and the quadrupolar moment of each layer p = 1, . . ., N 1 of spin-3/2 are given respectively by
with The mean-field equations of the magnetization of each
given respectively by 
where m p is the reduced magnetization of a layer p. Hence, the total magnetization of the system is given by
However, the mean-field reduced free energy of such a system can be written as follows:
Using Monte Carlo simulation (Metropolis algorithm) we have computed the total magnetic susceptibility of the system given by
where N s is the number of spin in each layer.
We performed Metropolis single-spin-flip Monte Carlo simulations [23, 24] on our model. Figure 1 has dimensions L x ×L y ×L z , with L x = L y = 32 and L z is the total number of magnetic and non-magnetic layers. Periodic boundary conditions are applied in the lateral (x and y) directions and free boundary conditions in the z direction. The flipping attempt was made for every spin on the lattice sites in sequence. At each temperature, 6×10
3
Monte Carlo steps (MCS) have been discarded for equilibration before averaging the physical quantities over the following 3 × 10 4 MCS.
Results and discussion

Ground state (T = 0 K)
The ground state (∆/J, d) phase diagram of the model ( 
Study at T > 0 K
First of all, we shall define the phases that we have encountered when investigating this system:
A In this section, we have studied the effect of RKKY interaction (by varying the non-magnetic spacer of thickness d) and the crystal field on the transition temperature and the magnetic properties of the magnetic layers (blocks A and B). So that seeing the influence of the crystal field on the transition temperature of model ( Fig. 1) , we have studied, using mean-field theory, the behaviour of the magnetization as a function of the temperature for different values of ∆ (crystal field on the block A) for N 1 = N 2 = 3, k F = 0.25 and d = 3. It has been observed that the transition temperature of two blocks T A c and T B c increase on increasing the crystal field ∆ (Fig. 3a) . Moreover, Fig. 3b shows that the transition temperature of the multilayer transition decreases on increasing the thickness of non-magnetic layers d, for sufficiently large values of d (d = 3). The multilayers block A and block B exhibit an order--disorder transition at different critical temperatures (i.e. the two magnetic blocks A and B transit separately) (Fig. 4a) . For small thickness of the non-magnetic spacer d (d = 1), the multilayers block A and block B exhibit an order-disorder transition at the same temperature (i.e. T A c = T B c , the two magnetic blocks A and B transit simultaneously) (Fig. 4b) . Indeed, due to small thickness of the non-magnetic spacer d the RKKY interaction becomes strongly dominant in comparison with the thermal fluctuations and then the magnetism in block B is reinforced by the magnetism of block A via RKKY interaction. Moreover, by using Monte Carlo simulation (the Metropolis algorithm), we have studied the total magnetic susceptibility and the magnetization of the blocks A and B. It is found that the susceptibility exhibits only one peak at the transition temperature for small thickness of the non-magnetic spacer (d = 1.5), where the RKKY interaction is more important than the thermal fluctuations.
(O) B (O): the two magnetic blocks A and B are ordered. A (O) B (D): the magnetic block A is ordered
Then the magnetic blocks A and B exhibit an order--disorder transition at the same temperature (Fig. 5a ). In the case of a sufficiently large non-magnetic spacer, the thermal fluctuations become more important than the RKKY exchange interaction, and the magnetism of the system is governed by the competition between crystal field and thermal fluctuations. However, the multilayers block A and block B exhibit an order-disorder transition at different critical temperatures. Indeed, for d = 4, the susceptibility presents two peaks at two different critical temperatures. The first peak (T the magnetic block A (Fig. 5b) . These results are qualitatively in good agreement with those obtained within MFT.
However, in Fig. 6a and Fig. 6b , we have plotted the variation of the transition temperature of the multilayer transition as a function of non-magnetic layer thickness within mean-field theory, and in Fig. 6c Moreover, the multilayer transition, where A and B transit separately from the ordered phase to the disordered one, occurs above a certain non-magnetic layer thickness (d c ). This is qualitatively in good agreement with results obtained in Ref. [7] , but quantitatively we have found that the critical thickness d c = 1.85 (Fig. 6a) is lower than the one obtained for spins-3/2 Blume-Capel model (d c = 5) in Ref. [7] . Moreover, the critical thickness of non-magnetic spacer above which the two magnetic multilayers transit separately is d c = 1.44 within mean-field theory (Fig. 6b) and d c = 2.99 within Monte Carlo simulation (Fig. 6c) . However, it is clear that the critical thickness from Monte Carlo is twice large as the one determined by MFT. On the other hand, for mean field (Fig. 6b) , the curves T the critical d c and change continuously. On the contrary, the phase diagram presented in Fig. 6c shows that the critical temperature of the block B T B c changes discontinuously at the critical thickness d c . This is due to the fact that the Monte Carlo simulation takes into account the correlation between the spins of the blocks A and B. However for sufficiently large thickness (d > d c ) the correlation between blocks A and B becomes negligible and then the two blocks transit separately, while the mean field approximation neglects all correlations between spins. Thus by using Monte Carlo, we need very large thickness of non-magnetic spacer to decouple magnetically the two magnetic blocks.
To illustrate the jump of the critical temperature T B c of the block B as a function of the thickness d of the non--magnetic spacer, we have plotted, in Fig. 7 , the magnetizations and magnetic susceptibility of the system in the case of a thickness (d = 2.95) slightly smaller than d c (Fig. 7a) and the case of a thickness (d = 3) slightly greater than d c (Fig. 7b) . It is clear that the two blocks transit at the same temperature for d < d c , while for d > d c the two blocks transit separately. This is in good agreement with the phase diagram established in Fig. 6c .
Conclusions
In this work, we have applied MFT and Monte Carlo simulation to the study of the magnetic properties of spin-3/2 and 1/2 Blume-Capel model in the bilayer separated by a non-magnetic spacer of finite thickness. We have shown that the transition temperature of multilayer transition depends strongly of the thickness of the non-magnetic spacer and/or the crystal field. We have shown the existence of a critical thickness of non--magnetic spacer above which the magnetic multilayer transit separately. Below this critical thickness the system exhibits a ferromagnetic antiferromagnetic ordering oscillation depending on the value of the thickness of the non-magnetic spacer. The critical thickness computed by Monte Carlo simulation is lower than the one obtained within mean-field approximation.
